It has been recently shown that opportunistic transmit beamforming using partial channel state information (CSI) achieves the same throughput scaling obtained from dirty paper coding for a broadcast channel with fixed number of transmit antennas and many receivers [ 11. In this paper, we study the generalization of this scheme to wideband broadcast channels. By using orthogonal frequency division multiplexing, an L-tap wideband channel can be decomposed to N parallel narrowband channels, where N is larger than L. Neighboring subchannels are therefore highly correlated, and it is intuitive to say that each group of neighboring subchannels (forming a duster) can be characterized by one channel quality. We show in this paper that users need only feedback the best signal-to-noise-plus-interference ratio at the center of each cluster. Our results indicate that for cluster size of order &, where K is the number of users, this feedback scheme maintains the same throughput scaling as when full CSI is known. Simulation results show that larger cluster sizes (&) can also be implemented for a small throughput hit.
INTRODUCTION
There has been growing interest in the study of the capacity region of multiple-input muItiple-output (MIMO) broadcast channels [Z, 3, 41 . Recently, it has been shown that dirty paper coding achieves the capacity region of the Gaussian MIMO broadcast channel [SI. This scheme assumes perfect channel state information (CSI) at the transmitter, and achieves throughput that scales linearly with the number of transmit antennas [6] . However, full channel knowledge is not always attainable or practical. It was therefore suggested in [ 11 that, using M random beams and partial feedback, opportunistic beamforming is performed at the transThis work was supported in part by the National Science Foundation undergrant no. CCR-0133818. by the ofice of Naval Research under grant no. NDOO14-02-1-0578, and by Caltech's Lee Center for Advanced Net-
working.
mitter. Each user (receiver) need only feedback its maximum signal-to-noise-plus-interference ratio (SINR) and the index of the transmitting antenna at which this maximum value exists. This scheme requires less feedback and is computationally feasible, still it achieves the linear scaling in throughput that is achieved when full CSI is available. This has been shown for narrowband broadcast channels with a fixed number of transmit antennas and large number of users, which is a typical setting in practical cellular systems.
We investigate the generalization of this scheme to an L-tap wideband broadcast channel (with independent and identically distributed (Lid.) taps). Wideband channels are desireable due to the increased need to drive bit rates higher.
Using orthogonal frequency division multiplexing (OFDM), an L-tap wideband channel can be decomposed to N parallel subchannels. However, neighboring subchannels are highly correlated (as N is bigger than L), and therefore with high probability they have similar channel qualities. Recently, it has been suggested in [7] that neighboring subchannels are grouped in a cluster. Then each user need onIy feedback the signal-to-noise ratio (SNR) values and indices of its strongest clusters to the transmitter. Based on this opportunistic reduced feedback, the transmitter sends one beam to the user with the highest S N R value per cluster.
Using simulation results, [7] shows that this scheme can be implemented without significantly sacrificing performance. There have also been recent publications that looked at variations of this problem. for exampIe 18, 91 among others.
In this paper, we look into the effects of partial feedback on the throughput of wideband broadcast channels. More specifically we address the question of how much feedback is necessary in order to maintain the same throughput scaling as when full CSI is available. 
PROBLEM FORMULATION
We start with a discrete-time baseband model of the channel. At time t and sampling at multiples of 6, where W is the bandwidth of the input signal, the input-output relationship can be written as
where y is the sampled output at time I ! , z is the sampled input transmitted at time t -1 and w is additive white noise. 
1=0
In matrix form, (2) In summary, we tackle two main questions in this paper.
The first is concerned with justifying that the channel quality at the center subcarrier is indeed a valid representative of the channel qualities at (most of) the subcarriers in a cluster. And the second question is related to how big clusters should be (and subsequently how much feedback should we have) in order to maintain the same throughput scaling as when full CSI is available. We will answer these questions in the following section.
l < k l K
FEEDBACK SCHEME ANALYSIS
Due to correlations between adjacent subchannels, their corresponding adjacent SINR values are also correlated. This means that it should be satisfactory to have much less feedback than N per user in order to obtain sufficient channel Table 1 . Joint Characteristic Function knowledge at the transmitter. The fewer the number of clusters is, the lesser feedback the transmitter will need. However, the size of the cluster influences how correlated the subchannels are. Small cluster sizes guarantee that the subchannels are highly correlated and that their channel quality is almost the same, therefore resulting in higher throughput. Whereas wider cluster sizes will include less correlated subchannels especially toward the edges of the cluster, which will. subsequently decrease the throughput. We consider that channel quality at the center subcarrier as a valid representative (and therefore sufficient feedback) for the quaIity of the channels at (most of) subcarriers in a cluster.
In fact we know that the best SINR over all users be- However, these terms cancel out with terms that appear during the evaluation of the double integral in the fourth term of (8) . Therefore, the main analysis of the joint probability lies in evaluating the joint characteristic funtion and the resuIt of the double integral in (8).
Joint Characteristic Function
The joint characteristic function of P and Q is described as @(P, Q) = E ( e J w p P + J w q Q ) . We assume that the transmit antennas are far enough from each other to assume independent channels, and use properties of the joint pdf of Gaussian random variables Note that whenp-g 5 f , f = 0 which results in P and Q being independent. Also if we assume that the cluster size is 1 subcanier, and thereforep = q, (L2 -f) = 0, and the joint characteristic function reduces to a marginal function as in (9).
Complex Analysis
In order to evaluate (X), we need to obtain the double in- to a single integral in terms of sp as shown in (10). Solving this second integral is more involved than solving the first integral. In order to proceed, we need to obtain the roots of the polynomial (raised to the power M -I).
Asymptotic Analysis
For the rest of the analysis, we assume that the correlation coefficient of p and q is 1 -o( A) as K increases. This implies that (L2 -f ) 4 0, or equivalently that p -q =
We also assume that the threshold for the SINR
L "
at the center subcarrier 7g behaves like aq Iog K , while the edge subcarrier's threshold y p behaves like a p log K where aq and ap are constants and ag > ap. We solve for the roots of the polynomial in (10) and obtain (1 1). Now we and divide the summation into three regions. The first region is when a = 0, the second is when a is finite ( 0 < a 5 A4 -1 ) and the last is when u goes to infinity. For the simplest case when a = 0, we first perform partial fraction expansion on the two poles inside contour sQ, and follow Cauchy integral formula at each pole to find the following result, Following in the same fashion, we solve (1 1) for the finite and infinite a regions2, and after simplifications we obtain 'Both regions result in terms that go to 0 as K + 00. This is expected since the poles in the two regions inversely depend on (L2 -f ) , and therethe result of (8) as, and the conditional probability as, This proves that when SINR at the center subcarrier is of order iog K, and if we keep our cIuster size as *, then with high probability SINR at the edge subcarrier is also of order log K for large K . This implies that all the subcarriers that are chosen for transmission have SINRs of order log K . Therefore, we obtain throughput scaling as M N log log K using our scheme with much less complexity and feedback. In fact, each user need only feedback its best SINR at the center of each cluster only if it is greater than some threshold y. This threshold comes from the fact that we already 
SIMULATION RESULTS
To further verify our results, we conduct Monte Carlo simulations for a wideband broadcast channel with a three-antenna transmitter, single-antenna users, and 256 subcarriers. In this section, we discuss two simulation results. Figure (1) shows the throughput as a function of number of users for various cluster sizes. Due to subchannel correlation which depends on frequency separation, and due to the relationship between frequency coherence and channel delay spread, it is intuitive that cluster width of $ achieves good performance. Indeed, figure (1) shows that cluster size $ results in a small throughput loss, and we obtain throughput close to that when cluster size is 1 subcarrier (in which case the transmitter has information at each subchannel). However, as suggested by our analysis, figure (1) indicates that cluster sizes of 7 and 10 resuIt in throughput scaling as with full CSI. This demonstrates that when we stay in the region of the highest SINR values {those that behave like log K ) and with L2 -f i 0, we preserve the throughput scaling as when we have full CSI. In figure (2) , we plot the throughput versus the number of channel taps L for various cluster sizes. This figure indicates how much variation (spread) the channel is able to withstand (using a certain cluster size) without suffering in the throughput. Figure ( 2 ) also suggests that we can treat a small number of subcarriers as a single subcarrier, and still maintain flat channel response. This is an interesting result which requires further investigation.
CONCLUSIONS
In this paper we investigate the throughput of wideband multi-antenna broadcast channels. We prove that for clus- 
